Terrestrial and aquatic arthropods sense fluid flow in many behavioral and ecological contexts, using dedicated, highly sensitive mechanosensory hairs, which are often abundant. Strong similarities exist in the biomechanics of flow sensors and in the sensory ecology of insects, arachnids, and crustaceans in their respective fluid environments. We extend these considerations to flow in sand and its implications for flow sensing by arthropods inhabiting this granular medium. Finally, we highlight the need to merge the various findings of studies that have focused on different arthropods in different fluids. This could be achieved using the unique combination, for sensory ecology, of both a workable and well-accepted mathematical model for hair-based flow sensing, both in air and water, and microelectronic mechanical systems microtechnology to tinker with physical models. 
INTRODUCTION
Studies of flow sensing have often taken divergent approaches for arthropods living in aquatic and terrestrial environments. Seminal work on the morphology and behavior of insect larvae in relation to current speeds of running water in the nineteenth century and until the middle of the twentieth century formed the basis for subsequent studies on flow sensing in aquatic insects (34, 71) . Such studies were, and still are, carried out under the ecological conditions, at a macroscale level, of the flow experienced by the organisms. For smaller copepods living in the open waters, studies from the 1960s onward have provided a clear picture of flow sensing systems ranging from microscale three-dimensional perception fields to population dynamics (46) . There have been, however, few comprehensive studies on the neurophysiology and neuroethology of aquatic insects and copepods (but see the notable results with copepods in References 27, 28, 44, 50, 80, 87 , and 88, among others). The difficulties associated with electrophysiological studies on aquatic organisms, in particular the smallest ones, may explain the paucity of such studies.
By contrast, studies investigating fluid flow sensing in terrestrial arthropods began later but quickly diverged from the natural environment and ecologically relevant stimuli, not only to the benefit of neuroscience (2, 9, 33, 60, 61, 64, 74) , but to the detriment of ecological and evolutionary science (15) . This departure, still evident today despite substantial advances in the domain of neuroecology (24, 52, 62, 67) , is more difficult to explain.
There is no recent overview of the physical ecology of flow sensing in arthropods highlighting the similarities and differences between arthropods living on land and in water. The only review of this type, written from a neuroethological standpoint, is the German monograph by Tautz (74). The aim of this review is therefore to provide a comprehensive overview of the physical aspects of flow sensing using hairs in arthropods, ranging from the characterization of the fluid forces acting on a hair to the ecological context in which such stimuli are generated. We consider flow sensing in air, water, and sand, the last behaving like both a liquid and a solid. We chose an approach based on the physics of the environment and across arthropods, including copepods, to make our points about analogies and differences. Physical ecology, a younger sister science of chemical ecology, must deal with these matters as deeply as chemical ecology must deal with the biochemistry of secondary compounds or the photochemistry of pigments, for example. Physics is to physical ecology what chemistry is to chemical ecology, and we opted for a presentation of how an understanding of the constraints imposed by physics influences morphology, physiology, behavior, and ecology. Finally, this review does not cover the mechanics of the hair itself, which was the topic of a recent comprehensive review (38), or the neurosensory aspects of signal detection and identification, or olfaction, which is a physicochemical topic with a strong component of fluid dynamics.
DIVERSITY OF FLOW SENSORS

Diversity of Structures
Most arthropods are hairy animals. Many of these hairs are mechanoreceptors, some of which are chemosensory (3, 7) . In several groups, such as crustaceans, arachnids, and insects, many of these mechanoreceptors serve as fluid flow sensors. These so-called filiform hairs in insects, trichobothria in arachnids, and flow sensilla in crustaceans detect air, sand, or water particle displacements and are among the most sensitive sensory organs in the animal world. Cricket filiform hairs can perceive air movements at speeds as low as 0.03 mm s −1 (68), whereas calanoid copepods can detect water stimulus displacements as small as 10 nm (80) . All fluid flow sensors have a similar design and represent hair-like structures. Suspended in a cuticular socket, the hair shaft functions as a lever, which responds to fluid viscous forces in the surrounding medium. The movement of the inner end of the hair shaft during deflection triggers one or several sensory neurons that transmit signals indicating the velocity, acceleration, and direction of the flow to the central nervous system to induce appropriate behavior (38). Directional sensitivity is essential to both terrestrial and aquatic arthropods to localize the source of air fluctuation and has been the focus of many studies on biomechanics and neuronal processing (see Reference 40 and references therein).
Despite this overall similarity, fluid flow sensors are not homologous among or within arthropod groups. For example, arthropod fluid flow sensors differ in the location of flowsensing hairs on the animal's body. In orthopterid insects, the location of flow-sensing hairs is mainly at the rear end of the abdomen (specifically on the cerci), thereby providing useful flow information about predators approaching from behind. In spiders and crayfish, they are mainly found on the front (forelegs and antennules) and posterior (hindlegs and tailfan) appendages of the body, serving as detectors of both prey and predators (3, 74) . In marine copepods, they are located on the antennules, allowing these animals to scan the environment at a distance from their bodies (27) . The shapes of the structures bearing the flow sensors are therefore also different, ranging from the conic cerci of crickets to the rather flat crayfish tailfan, with significant implications for fluid flow patterns and sensing (see Boundary Layer and Hair Lengths, below). The shape of the hair shaft may also differ, from strictly filiform (e.g., orthopterid insects), to flattened or feathery at the tip, as in some spiders and crustaceans.
Flow sensors also differ in number and shaft length, both within (e.g., during ontogeny) and among species. Flow-sensing hair length thus varies between approximately 10 and 2000 μm, with extreme values reaching 2500 and 3000 μm in arachnids and crickets, respectively (38, 53, 80, 83) . The number of flow sensors inserted into the cuticle on the animal's body surface is more variable: Some early stages of cockroaches bear few filiform hairs on their cerci, whereas a Nembobius sylvestris adult has more than 300 (20) . Thus, the morphology, number, and Reynolds number (Re): ratio of the inertia forces (U, speed of the organism or flow, times L, characteristic length of the organism) and the viscous forces (ν, kinematic viscosity) Viscous flow: flow for which Re 1, in which the viscous forces dominate and the inertial forces are negligible arrangement of flow-sensing hairs are highly diverse features. In this review, we explain this variation based on physical insights. We restrict our analysis to hairs moving in air, the study of which has been marked by significant advances. Fluid movement around and through arrays of hairs on aquatic animals (12, 48) has been extensively studied, but mostly in terms of food acquisition or olfaction.
Boundary Layer and Hair Lengths
The nature of the flow and its interaction with the hairs is dependent on the shape of the sensory platform on which sensors are inserted (20) . This relationship has been demonstrated for chemical and fluid motion sensors found in crustaceans, arachnids, and insects, in which the sensory platform affects the hydrodynamics of the fluid flow across its surface (3, 20, 38, 48, 72) . The variation in diameter of the conic cercus of crickets modifies the pattern of fluid velocity around the sensory platform, for example (20) . Thus, hairs are subject to higher air flow amplitudes at the base than at the apex of the cercus. The radial position of hairs around the cercus can also affect the cricket's perception of the direction of incoming danger. Hairs of the same length but positioned at different locations on the cercus move with different amplitudes as they experience different longitudinal and transverse forces over their shafts (38, 72) . Thus, the platform on which hairs are positioned determines the extent of the boundary flow.
What are the characteristics of boundary flow around the platform in which hairs are immersed? First, owing to the low flow velocity and small size of hairs and appendages, the Reynolds number (Re) is quite low, below 1. This is a typical feature of viscous flow. Second, the fact that system approach analyses use sine waves of many frequencies and the assumption that flying wasps are the main predators explain why nearly all experiments and models of the cricket air-flow-sensing system use sinusoidal stimuli. Because the viscous boundary flow is oscillatory, certain Torque: a force that produces rotation Viscous coupling: viscosity-mediated coupling between hairs at low Re Canopy flow: flow in an array of obstacles counterintuitive physical phenomena occur (72). In a nonoscillatory boundary layer, the flow velocity increases monotonically from zero at the surface to the far field velocity. For oscillatory flows, the peak of the amplitude is a short distance above the boundary. This distance is a function of the frequency of the flow oscillations and of the geometry of the substrate. For the cercus of Nemobius sylvestris and for stimulus frequencies in the range of those produced by flying wasps (150-170 Hz), the velocity peak is at 300 μm (20) . Thus, a hair of 1 mm or shorter is fully immersed in this complex flow. Movement of the hair results from the summation of torque acting along its length. This relationship also explains why hairs longer than a few millimeters are not frequently observed: Their length correlates with the thickness of the boundary layer, itself a function of the flow frequency (38). These considerations show that to some extent the diversity of hair morphology can be explained by the physical interactions between the hair and its fluid environment.
Emergent Properties of Arrays of Hairs
For years, the study of fluid flow sensors was based exclusively on the biomechanics of a single hair. However, many arthropods have body regions densely populated with sensory hairs, which exert effects on each other. The influence of neighboring hairs depends on the flow characteristics (frequency and speed), hair characteristics (length and directivity), and distances between hairs. In many cases, the fluid forces acting on a hair are determined by the flow induced by other moving hairs. This so-called viscous coupling is the topic of several recent studies, as detailed below. The coupling between hairs could be viewed as beneficial, taking into account the need for a set of responses to trigger an appropriate behavioral response. Alternatively, it could be seen as a hindrance, with hairs interfering with each other and causing the independence of the sensors to be lost. For example, it has been proposed that viscous coupling between air-flow-sensing hairs may be undesirable for predators (e.g., spiders) in the detection of their prey but desirable for prey (e.g., cockroaches) in the detection of their predators (38). Whereas predators might need independent information from many hairs for accurate localization of their target, prey may need to have many hairs moving simultaneously to trigger an effective escape.
In a combined experimental and theoretical study, long and short hairs placed near each other seemed to exert more effects on each other than did hairs of similar length (4) . Such interactions could not be detected by analyzing the spatial point patterns made by the cuticular sockets, but a uniform pattern in the arrangement of long hairs, also indicative of a repulsion mechanism, was identified (20) . Analytical modeling by Bathellier et al. (4) and computational modeling based on observed hair positioning by Cummins et al. (14) highlight noticeable effects of a hair on its nearest neighbor at distances of between 30 and 100 times the hair diameter, a considerable distance. Further studies are needed to continue this fascinating work, in terms of both experimentation and modeling. Extending these ideas from tandem hairs to full arrays of hairs represents yet another challenge. Studies of urban and forest canopy flows suggest that fluid flow phenomena such as dead zones and recirculation swirls within the array or velocity profiles with peaks above the array, in contrast to the peak at mid-height for a long hair on a flat plate, could be expected, at least at high velocities (31) . Therefore, the functional unit is often a group of hairs, and fluid flow sensing most likely uses the emergent properties of the group of hairs as a whole. Thus, the study of viscous coupling between hairs will offer potential insight into biophysical mechanisms underlying the long unanswered question of why insects are loaded with so many hairs.
Functional Significance of Morphological Diversity
Structure-function relationships between mechanosensor properties and their sensory roles have been the subject of extensive studies, which have been comprehensively reviewed for most arthropod groups (2, 3, 68) . Briefly, the number of hairs and variation in length are key features of most fluid-flow-sensing systems, as they determine the variability of both the intensity and range of frequencies of a flow stimulus. Longer hairs are usually more sensitive to small flow displacements; marine copepod predators tend to have longer sensilla than herbivores, making them more sensitive to small flow displacements (27) . In some cases, hair flattening or feathering can increase the drag force acting on the shaft and therefore its sensitivity (38). Further studies of fluid flow sensors incorporating ontogenetic and phylogenetic features may provide a deeper understanding of the causes and consequences of this diversity: The selection forces may change drastically over the course of an arthropod's lifetime. For example, in many groups such as copepods, the functional relevance of the extensive diversity of antennules and hair morphology, orientation, spacing, and degree of ornamentation is virtually unexplored (7, 27) .
ECOLOGICAL SIGNALS
Need for Ecological Signals
Flow motion provides a wealth of ecologically relevant information in both terrestrial and aquatic habitats. Flow itself not only provides vital information to a wide variety of organisms, but its characteristics influence how animals send or process sensory information, such as in insect and crustacean chemical cue acquisition (5, 82, 84, 85) . For example, flows characterized by high shear velocity (the shear stress per surface) and high Re relative to surface roughness reduce the ability of crabs to track clam scents (82) . In addition, under conditions of weak or nonexistent flow, animals can facilitate food searching by generating currents themselves (21) . Here, we focus on studies of purely fluid mechanical signals.
Fluid mechanical signals typically constitute the proximate cue for a wide variety of arthropod functions, including prey detection (2, 26, 50) , predator detection (8, 17, 27, 28, 33) , mating (1, 43) , and flight control (37, 65) . Even when no attractive or repellent chemical cues are associated with the flow cue, insects and crustaceans can choose to move in a direction related to the direction of flow (rheotaxis) or other targets. For example, many aquatic invertebrates orient their bodies and their locomotion to the direction of water flow around them (44, 71, 86) . Flow can serve as a directional cue in navigation, or orientation to flow can serve as a mechanism to reduce hydrodynamic forces (59, 71). For animals that are nocturnal or blind, or living in turbid waters, orientation to flow could be one of the rare sources of directional information. Krill species seem to use flow sensing in yet another social context, by schooling to use energy from the wake (61). The propulsion jet flow behind a shrimp is surrounded by a vortex ring, which a following shrimp can use to extract lift and forces during long-distance migration. A final example is the pioneering work of Tautz on the hair-based early-warning systems of caterpillars and their behavioral responses when attacked by wasps (74, 75). The broadband response of these filiform hairs to flight frequencies led to the recently discovered cascade in food webs: Caterpillars eat less, for example, when the attacked plants are visited by flying pollinators (76).
Despite the existence of many clear-cut examples of ecological signals, unnatural stimuli have been and are routinely applied to sensors, often in the form of sine waves. Such stimuli trigger neurophysiological responses, and the approach has deep roots in system analysis (30) . The real difficulty lies in interpreting the outcome for higher levels of integration, that is, the implications of a spike train (63). For example, the basilar membrane in the vertebrate auditory system, but few cells in the auditory cortex, can respond to unnatural continuous pure tones (69). However, the rustling and crackling of predators creeping through the undergrowth, among other sounds, prove far more effective stimuli. The same is true when moving up from the retina, which responds to spots of bright www.annualreviews.org • Physical Ecology of Fluid Flow Sensinglight, to the visual cortex, for which edges at different orientations are much more effective. The concept of the grandmother-recognizing neuron, irrespective of the difficulties of its operative definition, offers a vivid illustration of these principles (69). Thus, without considering the ecological signals, much of the how and most of the why of a mechanical or behavioral response of a hair cannot be understood (47) .
Insights from Predator-Prey Interactions
Because they are involved in many interspecific interactions, a sound ecological understanding of these flow sensors should incorporate the sensory aspects of both partners involved (16) . Several integrated approaches to studying fluid flow sensing have included an analysis of both partners, especially in predator-prey interactions such as between spider and fly (2), bat and mantis (77), frog and spider (73), spider and cricket (10, 15, 18, 19) , and herbivore and predator copepods (50) . One of the central issues in our understanding of flow-mediated predator-prey interactions is timing, that is, the time available, between predator detection and capture, for the prey to carry out effective escape strategies. To address this issue, sensory ecologists have made considerable efforts in recording and reproducing flow movements that accompany predator attack or prey displacement and testing the associated response of prey or predators, respectively. For example, to determine the response of the mantis cercal system to signals generated by a flying attacking bat, Triblehorn & Yager (77) trained a bat to fly consistently from a perch directly to the mantis. For studies in which predator behavior could not be manipulated, predator models have been designed. Suter (73) developed a model predator of a freeze-dried bullfrog simulating attacks on live spiders to evaluate the role of trichobothria in mediating the evasive responses to natural predators. Similarly, a piston simulating spider attacks on crickets was designed (18) . Generally, most studies of flow-mediated predator-prey interactions demonstrated the importance of flow as essential information not only for successfully escaping from predators or attacking prey, but also in shaping the tactics used by both predators and prey. Spiders modify their hunting strategies depending on distance to the prey, and these strategies are constrained by the air flow displacements generated by the predators when running toward their prey (10, 18) (Figure 1) . Similarly, predatory copepods may be capable of altering the strength of the hydrodynamic signals presented to potential prey by changing the magnitude of both fluid velocity and shear in the feeding current (8) .
A recent example demonstrates the power of using an ecological signal to understand the design of a fluid-flow-sensing system and the danger of relying on unnatural stimuli in studies of predator-prey interactions. The use of continuous sine waves has enabled the scientific community to dissect the internal workings of the cricket black box, the terminal abdominal ganglion. This unnatural stimulus has also served as a useful tool in characterizing the biomechanical basis of hair response (38). For several decades, it was assumed that long hairs are triggered by the smallest amplitudes of a sine signal, at low frequencies, whereas the numerous short hairs react at higher amplitudes, at higher frequencies (53). This notion was based on the resonance frequency of hairs of different lengths, a concept intimately linked to oscillatory input. However, this view has now been superseded by one based on transient signals of short duration, such as those produced by approaching spiders and detected by escaping crickets (10, 18). The latest study shows that when pulse functions are used that closely mimic the characteristics of the launch of an attack by a spider, rather than sine waves, the short hairs react first (45) .
COPEPODOLOGY FOR ENTOMOLOGISTS
Whereas it is challenging to visualize flow stimuli in the air and correlate behavior with stimulus patterns, visualization of flow tracers in water is much easier, and crustaceans offer a highly relevant model for studying flow sensors, in particular for terrestrial insects. Flow sensing has been particularly well studied in the context of startle behavior in crayfish. We cannot do justice here to the many studies done on this system but we can highlight a single recent and interesting aspect. Bidirectional hydrodynamic receptor sensilla are found on the antennules and uropods. Vertical feathered hairs on the antennules are positioned distally on each segment. The feathered hairs are sensitive to water movements as small as 0.02 mm (57). How do crayfish with their long antennules compute an incoming signal? Crayfish display appropriate and coordinated rapid responses to an incoming source of danger through a mechanism that allows the arrival of sensory-afferent impulses from various distances to be synchronized (57). This mechanism operates via a position-dependent linear gradient of sensory axonal conduction velocities. The axons of the most distal receptors are therefore bigger than those of the most proximal receptors. Studies should be undertaken The interaction between the unsteady flow structure due to many modes of displacement displayed in rapid sequence (free sinking, partial sinking, hovering, vertical swimming upward, and horizontal swimming backward or forward) and the body enables a copepod to sample water efficiently (42). This is reinforced by the rhythmic jumps that copepods make, many times their body size. Jumping thus enables them to change their sampling environment; indeed, they would otherwise always encounter the same particles, owing to recirculating vortices (32) . These self-created flow structures, of the order of a body length to a few body lengths and lasting up to tens of seconds, interact with the small-scale turbulence of the ocean, including vortices, shear flow, stagnation points, and jet streams.
PARTICLE IMAGE VELOCIMETRY
Particle image velocimetry (PIV) is increasingly used for full-field studies of flow around complex geometric shapes and movements. Often, but not necessarily, based on lasers, this technique relies on the illumination of a portion of the fluid (a light sheet in classical PIV), in which inert particles act as markers, as smoke does in classical techniques for visualizing fluid flow, and on highspeed video recording techniques. Micro-PIV is a microscopic technique that operates only in water, as fluorescent markers are used to avoid the backlight from the illuminated object. Although widely used in recent studies of microfluids using channels of depths of a few dozen microns, its use with insects is difficult, not least owing to the scaling necessary for working in water and the relatively big structures to be studied. In planar laser-induced fluorescence, the fluorescent dye emits light in the yellow-orange wavelengths, with intensity proportional to dye concentration when excited by the light from the laser.
Copepods have long antennules with many mechanosensory setae, some as long as 1 mm. Copepods are small and usually follow the bulk flow. Therefore, the setae do not bend, and thus they do not feel any difference in velocity. This may also be the case when they are being eaten by a large predator. This situation is different from that of a small particle passing by. The signal then has a velocity gradient over the body of the animal, and the setae distort, thereby inducing a response. Congeners may also produce an intermediate distortion of the flow field. The triggering of all setae, thus involving the whole flow field, may trigger an escape reaction, whereas a more localized event-involving the response of only a few setae-may be indicative of the arrival of a potential mate or prey. The flow field around moving plankton has been studied using particle image velocimetry (11, 22, 70, 78) to extract velocity profiles, attenuation coefficients, and a sensory field. Using the previously described equation for Stokes creeping flow around a sphere, together with a dipole model for flow at distances far from the body, Kiorboe (46) computed the deformation rate and fluid velocity as a function of the distance from a copepod. He showed that the predicted reaction distance closely matched the reaction distances observed in several biotests and concluded that copepods respond to deformation, with a critical threshold deformation rate of 1-10 s −1 . Yen et al. (87) used neurophysiological techniques to demonstrate that a 10-nm deflection in setae was the minimum displacement necessary to initiate a neural response. For 1-mm setae, this displacement corresponds to a threshold of 10 −5 radians. A fish attacking a copepod appears to use locomotion reminiscent of one of the two foraging modes described for spiders (10). When they perceive a copepod, fish larvae decelerate and approach the prey slowly (58), at a speed that is too low to generate a hydrodynamic signal. The maximal deformation rate produced by small planktonic predators in water is of the order of 10 s −1 ; effective strategies of escape must therefore be at lower rates. This is indeed observed, with a mean value for prey escape 512 Casas · Dangles rates around 5 s −1 . Lower critical rates are more advantageous to the prey. It may be surprising therefore that copepods do not use the limit of the neurophysiological threshold for escaping. A study suggests that this is due to the significant disruption of their feeding behavior (28) . This issue needs further consideration; indeed, a life-saving move is far more beneficial than an extra meal, rendering the cost of a false alarm relatively low. An alternative explanation could be linked to the long-lasting effects in the water after escaping violently, which could alert other predators or be used by the same predator. These observations of the aquatic world of crustaceans show that flow-sensing terrestrial arthropods often obey the same rules as aquatic arthropods and they have thus developed similar solutions.
SAND FLOW: FLOW-SENSING MECHANISMS AND USE BY INSECTS
Could the strong analogies between sensing air flow by insects and sensing water flow by crustaceans be extended to flow sensing by insects in granular matter such as sand? Sand flows like liquids but packs like solids. A crosssection through an avalanche identifies three regions corresponding to three different flow regimes: a solid region under the avalanche in which the grains do not move, or creep slowly; a liquid region in which a dense layer flows; and even a gaseous region in which the grains bounce in all directions, creating a dilute chaotic medium (29) . Thus, as a granular medium, sand is neither completely solidlike nor completely liquid-like in its behavior (56). Insects living in sand belong to several orders (e.g., Coleoptera, Neuroptera, Diptera). For example, desert tenebrionids bury themselves 5 cm below the surface and still hear congeners moving at the surface (36) . However, ant lions (Myrmeleontidae) are the sand experts, using its liquid-like and solid-like behavior in ways that are either unknown or undescribed for other animals. We therefore focus on this insect for the remainder of the review. Soil behaves similarly to sand in many respects but is much more complex. Many more orders of insects are found in the top layer of soil, which is partially a granular material. However, we did not find any available data related to flow sensing in soil for insects.
Sand Flow: Its Use by Ant Lions for Prey Capture
How sand and other particulate matters flow is only partially understood, despite their huge domains of application (blocked flows in silos, the gravel industry or food industry). A sand pile has a given maximal angle at rest, the angle of repose. This is a threshold angle of ∼35
• , defining a critical state of the granular structure. Inclination at a steeper angle triggers a flow in sheet form, with only a certain portion of the pile starting to move. This state is unstable: Any small perturbation might lead to the formation of an avalanche. In principle, the addition of a single grain is sufficient to cause this. In real life, struggling prey do not always trigger avalanches, and ant lions can provoke avalanches themselves, either by moving within the sand or by throwing sand grains on a struggling prey, with high precision (26) . Physicists have shown that the addition of a few grains of sand onto a slope ending against a wall or at the bottom of a pit does not easily trigger avalanches. This is because the first grains, at the front of the avalanche, are building up a small step. This process is repeated, leading to inverse waves moving upward. The critical slope of a pit is thus steeper and more stable than that of a heap (23) . The principal aim of an ant lion is not so much to trigger an avalanche as to destabilize its prey.
Avalanches are beneficial for prey capture, but the pit has to be renewed each time. Therefore, any avalanche triggered in the absence of prey is costly, as it leads to pit repair. Of course, as the trap is designed to be in a critical state, avalanches and repair are major activities in an ant lion's daily life. Given the long struggles and violent thrashing of the ant lion larvae, long repairing sessions are needed to ensure that
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the pit is in its optimal state for the next prey (25) . Ant lions can determine whether the pit is back to its critical state through further flowsensing mechanisms. For effective restoration of their pits, ant lions use the natural segregation of granular solids of different sizes. The avalanches sort the sand grains, with the larger grains at the bottom of the avalanche. When restoring the pit, ant lions throw away grains of various sizes. Lucas (51) showed that the larger grains go farther, the small particles stopped owing to Stokes law: The higher the drag force due to air relative to the particle momentum, the shorter the distance it will travel. This relationship is sometimes obvious in the wild. Larger rocks are catapulted far outside the pit, which then consists of a more homogeneous group of fine grains.
Wave Propagation in Sand, Flow Sensing, and Orientation in Sand
Knowledge of wave propagation at the sand surface and subsurface has significantly advanced over recent years. Studies by physicists (6 and references therein) confirmed the initial results, obtained by biologists, of the low speed of propagation of the surface waves, or Rayleigh waves, of ∼50 m s −1 at 100-500 Hz, which is far lower than those observed for glass (∼5000 m s −1 ). They showed additionally that the speed of travel is a function of depth. Gravity induces a heterogeneous pressure field in sand, which acts as a wave guide. The highest amplitudes are found at some distance beneath the surface, and the relative vertical and horizontal movements of sand grains also arise as a function of depth.
These new findings have significant implications for the kinds of signals transmitted and received by sand-inhabiting insects. How do insects orientate themselves using flow sensors in such complex systems? Insects such as the ant lion are small in relation to the wavelength of the Rayleigh waves. In such conditions, orientation would seem particularly challenging, given that many orientation mechanisms are dependent on the difference of amplitude and phase of waves arriving at certain places on the body such as legs. Such differences might not exist, or they might be too small. Various measurement points over the whole body would therefore seem to be a better solution. Fascinating studies have shown, however, that minute thermal differences can substantially change the force network within the granular material (25 and references therein). Thus, the directivity of the source could get lost easily, with only a dense network of sensilla producing a reliable threedimensional interpretation of the flow field. Although little is known about the organ, sensilla, or the mechanisms allowing ant lions to perceive avalanches, biotests using artificial prey have shown that they orient themselves and throw sand at the target with high precision (26) . Thus, the mechanisms underlying the orientation and flow sensing of small insects in sand remain unclear; indeed, a complete understanding of how sand flows under natural conditions is first needed.
IDENTIFIED GAPS
We highlight two major issues that must be addressed before major advances, ranging from biomechanics to ecology, can be made in the topics covered in this review.
Beyond Hairs: From Single Mechanosensors to Composite Mechanosystems
Many ultrastructural studies show that mechanosensors can be categorized into groups or pairs of dissimilar sensors, hairs often classified as levers. Clear examples of the latter include feathered hairs coupled to smooth hairs in crayfish, or insect filliform hairs coupled to campaniforms at their base (2, 3, 19, 59 , and references therein). In these systems, both sensors operate at different ranges of stimulus amplitude and are mechanically linked through cuticle deformation. In crayfish, long smooth hairs-innervated by many cells and most likely primarily chemoreceptorsstand upright in the boundary layer and possibly above. The mechanoreceptor at its 514 Casas · Dangles base detects the cuticle deflection when the flagellum is moving. The movement of the flagellum triggers a displacement of the relative position of its segments, of feather sensilla at the interface of two segments, and of the cuticle surrounding it, where the smooth hairs and their mechanoreceptors are located. This succession of sensors, each operating within a specific range, is reminiscent of the cricket hair-campaniform sensilla complex. In this complex, larger filiform hairs are morphologically and functionally coupled with campaniform sensilla located at their base, forming a composite mechanosystem. The filiform hairs respond to the slightest hair movements, of the order of 0.1 mm s −1 . The campaniform sensilla require stronger stimuli, of at least one order of magnitude higher (2 mm s −1 and more), which cause the hair shaft to displace the socket. Sockets are tilted more easily toward the tip than toward the base of the cercus, suggesting that the membranous zone surrounding each socket is asymmetrically deformable (and that they have a specific preexisting tension) (35) . Consequently, the directional response of campaniform sensilla is simpler than that of the associated hair. However, there is a price to pay, albeit a potentially small one, as the much higher amplitude needed to trigger the campaniform sensilla implies that the danger is more than imminent.
The extent of cuticle deformation is therefore of major importance, even with respect to single sensors. The mechanical properties of the complex structure at the base of the hair, the hair socket, and its membrane therefore deserve particular attention, given that they determine the restoration and spring constants of the hair. Microindentation and X-rays (55) are new tools that are particularly appropriate for measuring the Young's modulus and other parameters determining the viscoelastic behavior of the cuticle. A systems approach is needed to understand the joint workings of multiple sensors, even more so if they are both dissimilar in their design but dependent on each other's function.
Sensory Ecology
The organisms discussed in this review often have no particularity, in terms of hair morphology for flow sensing, behavioral responses to flow, or the physics of flow. Their commonality is the ease of keeping the organism in culture, which bears a hidden price. For these species, few data obtained using ecological conditions in the field are available (15, 16, 81) . We have highlighted here the need for ecologically relevant studies. Further efforts should be made to measure the flow-sensing performance of freely behaving arthropods subjected to realistic stimulus patterns in natural, usually turbulent, environments. For example, several studies suggest that water motion is likely to increase the complexity of the predator-prey relationship under natural conditions. Mann et al. (54) point out that, whereas there is evidence suggesting rapid sensing of local flow conditions, it is uncertain how rapidly microorganisms reorient in a turbulent flow so that they can successfully catch their prey or escape their predators. Similarly, Clarke et al. (13) suggest that turbulence increases the chances of success of a coral fish capturing copepods by interfering with the hydrodynamic sensing of the approaching predator. Determining whether predators are more successful at capturing their prey under turbulent than still flow conditions remains an exciting field of research. Transportable technology and the need to consider relevant stimuli force us to put our boots on, go out, and study the neuromechanics of flow sensing in the most natural conditions possible or, alternatively, to create an artificial world in the lab.
Given the benefits of studying organisms under extreme conditions for understanding their evolution, it may be of interest to study more unusual species in more extreme flow conditions, such as in caves or torrents. Cave habitats often shelter high densities of crickets and large arthropod predators (e.g., amblypigids); attack sequences can thus be frequently and easily observed. The relatively low taxonomic richness and low trophic complexity encountered in caves, in comparison to other www.annualreviews.org • Physical Ecology of Fluid Flow Sensingtypes of habitats, increase the probability of trophic specialization and therefore of developing highly specialized senses.
TOWARD A GENERALIZED FRAMEWORK FOR FLOW SENSING IN ANY ARTHROPOD
A direct approach to the study of hair-based flow sensing in arthropods in both air and water is now needed, given that the similarities are striking. Some differences are also notable, at least partly, if not mainly, owing to the fluid characteristics. This call to "look beyond one's pond," as eloquently cited by G.E. Hutchinson in his 1951 paper "Copepodology for the Ornithologist" (39, 66), is not new. Indeed, this notion in terms of hair-based flow sensing was actively followed during the 1980s and 1990s by T. Shimozawa (68), who worked both on the cricket's cercal system and on the crayfish's caudal escape system, and by J. Tautz (74), who worked on the early warning system of caterpillars and on the crayfish's caudal escape system. In the past decade, J. Humphrey (38) theoretically analyzed in depth the analogies and differences in single-hair biomechanics in air and water. As a result, this field of research has the advantage of having an unusually well-founded theoretical basis for the fluid forces acting on the hairs and their responses, designed to be applicable in both environments.
Hair-based flow sensing is indeed one of the few areas in which applied mathematics has been the common language of groups as diverse as field ecologists, materials scientists, aerodynamicists, theoretical physicists, computer scientists, and neurobiologists, often funded by the technological branch-and not necessarily the biologically oriented ones-of different research organizations (e.g., the Future and Emergent Technology branch of the Information Society Technologies program in the European Union, or the Defense Advanced Research Projects Agency in the United States). The mathematical toolbox, and its wide acceptance throughout the scientific community, is an unusual asset in sensory ecology. The construction of biomimetic microelectronic mechanical systems (MEMS) based on the design of natural cricket hairs by engineers (see Reference 49 for an example based on cricket hairs) offers a unique opportunity to understand biological principles by tinkering with physical models. Furthermore, it provides a technological showcase for organismal biology, through its impact on bionics and biomimetism. Provided that the current interest in this field can be sustained, we can expect that these opportunities will be seized and that our understanding of hair-based flow sensing will be much further advanced, if not fully elucidated for single hairs, within a decade-ideally for both copepods foraging for food particles in the open ocean as well as crickets escaping lunging predators in the leaf litter.
SUMMARY POINTS
1. Arthropods carry out flow sensing in various contexts using mechanosensory hairs.
2. The wide variety in hair length, number, and spatial arrangement can be explained partly by the physics of the medium and its interactions with hair arrays.
3. Emergent properties associated with viscous coupling between hairs and array effects may explain the density of hairs in many arthropods.
4. Flow sensing in insects living in sand and soil may follow the same principles as those observed in fluid environments, and thus provide a useful study model.
5.
Research on flow sensing in crustaceans and terrestrial arthropods tends to be based on studies carried out independently but converges toward consistent results.
6. A direct approach is needed to address hair-based fluid flow sensing for arthropods living in all media, using the unique combination of a workable mathematical model and MEMS technology to enable physical modeling at similar scales.
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